Abstract-In this paper, feasibility analysis to implement different cogeneration systems using agricultural waste (rice husk) along with natural gas as an alternative source of energy for energy saving and cost optimization in a chemical plant is carried out. The authors believe that such feasibility studies by employing rice husk and natural gas in a cycle to improve the energy efficiency and carbon emission savings of chemical plant are limited and therefore this research is timely not only because of the current interest in high-performance cogeneration options but also from the scientific research point of view. The cogeneration technologies implemented are a gas turbine, steam turbine and combined cycle and are evaluated from the energetic and economic point of view to propose a best suitable technology. These technologies are evaluated on the basis of energy utilization factor, simple pay-back period and Annualized life cycle cost (ALCC). The results show that all studied cogeneration options running on thermal match mode have fully satisfied the thermal demand of a chemical plant and in most cases, 70% electric demand, where combined cycle has the highest energy utilization factor and the least Annualized life cycle cost with the lowest payback period.
INTRODUCTION
Chemical plants are energy intensive due to complex processes involved which contribute to the large proportion of industrial carbon emission. The improvement of energy efficiency in these chemical plants is seen as one of the most promising measures for reducing global greenhouse gases emissions (GHG) specifically carbon dioxide (CO 2 ) emissions. According to the International Energy Agency (IEA), chemical and petrochemical industry alone accounts for 30% of industrial energy use and 16% of global industrial CO 2 emissions [1] , leading to terrible environmental consequences i.e. pollution, global warming, acid rain etc. CO 2 is seen as the main gas responsible for these environmental consequences [2] ; thus, this paper focuses specifically on CO 2 emissions. Cogeneration or combined heat and power plants (CHP) is a thermodynamically proven efficient energy utilization system that decreases fuel consumption and related GHG emissions by generating two different forms of useful energy (i.e. electrical and thermal energy) from a single fuel input. The system can utilize both fossil fuels and renewable fuels such as biomass as the source of energy. In the chemical industry, electrical energy is used to drive motors, pumps, compressors or fan whereas thermal energy is used for direct process applications or indirectly to make steam, hot water and hot air for the dryer. Steam is a principle energy source for chemical industrial processes and also acts as a solvent to provide both heat and solubility in many industries i.e. pulp and paper industry. The typical method of separate centralized electricity generation and on-site heat generation has a combined efficiency of about 45 percent whereas cogeneration systems can reach efficiency levels of 80 percent [3] . Due to this high overall efficiency of energy use in CHP systems the carbon footprint of separately generated heat and power reduces and hence it is considered as one of the most cost-effective methods of reducing CO 2 emissions [4] . Furthermore, the production of electricity being on-site through CHP reduces the burden on utility network and also reduces the transmission and distribution losses.
Feasibility studies of biomass based cogeneration systems in various chemical industries (e.g., sugar, rice, palm oil, paper and wood) as a means of waste disposal and energy recovery have been reported by many researchers. Reference [5] evaluated the techno-economic potential of two biomass (bagasse) based cogeneration systems (steam turbines and gasification combined cycle) for the sugar industry in Mexico to increase energy efficiency. The result of their analysis concluded that the biomass integrated gasification combined cycle system is the most advantageous system to meet all heating requirements and part of the electric requirement with 18 % reduction in total production cost of ethanol. Reference [6] studied the optimal conditions for a combined cycle power generation system using natural gas as a main fuel and syngas from biomass as a supplementary fuel. The results show that about 20 g/kWh (gram per kilowatt hours) of CO 2 emissions are avoided when using biomass as a supplementary fuel in the supplementary firing chamber as part of the natural gas based combined cycle power plants. Another study by [7] analyzed cogeneration and carbonization as two processing alternatives to reduce environmental and social impacts of conventional rice husk disposal and to improve the overall performance of the rice mill in the Philippines. Integration of a biomass gasification plant into a CHP district heating system fueled with natural gas and syngas was evaluated by [8] . The results show that integration of a biomass gasification plant into a district heating system reduces the net emissions of CO 2 and is economically profitable. In a recent study by [9] , rice husk biomass has been utilized as a sustainable fuel for rural electrification in Myanmar. It has been shown that the rice husk biomass power system is not only the sustainable and affordable option to rural electrification but can be considered as a financially viable business model to provide the grid quality power to the rural population. A technical and economic feasibility study for a natural gas-fueled cogeneration plant was conducted by Fantozzi et al. [10] in an Italian pasta and animal feed factory. In another study, reference [11] applied net present value (NPV), internal rate of return (IRR) and payback period (PBP) to select between two CHP units for a tyre manufacturing chemical plant in Spain. Energy efficiency measures in Swedish pulp and paper mills are investigated by Mollersten et al. [12] to study the potential of CO 2 reduction. The results of the study show that the cogeneration of heat and power is the most cost-effective alternatives that also have large CO 2 reduction potentials in Swedish pulp and paper mills. Some of other works include, a study on cogeneration in a sugar factory by [13, 14] , a textile industry by [15, 16] , pulp and paper mill by [17, 18] and palm oil mill by [19] . The review of previous studies supports the fact that utilization of biomass guarantees the heat demand along with full or part of power demands in a chemical plant with a low level of pollution, low ash content and low sulphur concentration in addition to the use of a renewable and cheap source of energy for heat and electricity generations. This shows that there is a strong need to conduct further investigations and also to present simple and accurate approaches for developing biomass-based cogeneration systems.
The aim of this study is to calculate the energy and carbon emission savings potential of a chemical plant by implementing different cogeneration technologies and are evaluated from the energetic and economic point of view to propose a best suitable technology.
II. CHEMICAL PLANT CHARACTERISTICS
The chemical plant analyzed in this study produces a paperboard of different weight for bookbinding purposes. The annual average demand of this plant is 3379 kW of electricity and 40,358 kW of thermal energy which is in the form of saturated steam at 14.7 bars of 197 o C and flow rate of 12.9 kg/s consumes at Unit 1 (pulping) and Unit 2 (paper machine) respectively. At the current situation, six installed fire and water tube boilers are used to meet the thermal energy requirement of the plant and electricity is purchased from the utility. The motivation of this study is the poor thermal efficiency (53%) of existing boilers used to produce steam and chemical plant reliance on the grid for electricity. To improve the energy efficiency of this chemical plant and reduce its CO 2 emission, implementation of different CHP options is studied and the results of the energetic and economic analysis are compared in this study. Fig. 1 indicates the annual thermal and electric demands and proposed electric generation for a chem. 
III. THERMO-ECONOMIC METHODOLOGY
Three proposed cogeneration technologies presented in this study are a gas turbine, steam turbine and combined cycle and contains three main components including a prime mover (gas or steam turbine); heat exchangers for heat recovery and electric generator. In all cases, the plant is designed to operate with rice husk as biomass fuel for 1931 h (hours) and then with natural gas for 4779 h in a continuous cycle based on same consumption of fuel as currently fed to the chemical plant. The fixed parameters used for the evaluation and comparison of three CHP configurations are given in Table 1 .
The main assumptions made are as follows; system operates in steady state; ideal gas principles are applied to air and gases, all combustion reactions are complete and the air is feed at standard design conditions (15 o C, 1.013 bars, 60% relative humidity) in gas turbine and gasifier. A detailed description of each cogeneration system and their process flow diagrams is presented as follows. A. Configuration I The first configuration (case 1) analyzed is based on Rankine cycle and consists of a steam turbine as shown in Fig.  2 . In this case, superheated steam generated in the boiler is expanded in a steam turbine to generate electricity and an exhaust of steam turbine is used to meet the process heat demands of the chemical plant.
B. Configuration II
The air basic power cycle in the second configuration (case 2) is based on Brayton cycle as shown in Fig. 3 . It begins by adiabatic air compression in the compressor which then mixed with fuel in combustion chamber. The resulting mixture of high-temperature combustion gas from combustion chamber then expanded in a gas turbine to generate electricity. The exhaust of gas turbine is utilized in heat recovery steam generator (HRSG) with the aid of supplementary firing to generate required steam for a chemical plant. 
C. Configuration III
The third configuration (case 3) is based on combined cycle configuration where topping cycle (gas turbine) produces electrical energy and rejects heat is used in HRSG to produce superheated steam for bottoming cycle (steam turbine) to produce electrical energy and to provide process heat for a chemical plant.
The operation strategy proposed in this study is "heat match mode" because of following reasons:
• Thermal energy requirement is almost ten times more than the electric requirement
• Export of power to the grid is not economically viable in current electricity selling prices
• Standby demand charge for electricity is not defined in case of CHP system shut down and electric supply required from power grid in the area of proposed cogeneration
D. Comparison of cogeneration options
There are several performance assessment parameters for cogeneration systems comparison in the literature. This study is based on the thermo-economic evaluation of the system which combines thermodynamic concepts with economic considerations. This approach consists of a detailed energy analysis, an economic analysis conducted at the component level, calculation of the cost of each stream using the "thermoeconomic functional analysis" proposed by [20] and used by many other researchers [17, 21, 22] Energy utilization factor (EUF) is employed to evaluate the energetic analysis of different options and can be expressed as [19] :
The economic assessment and comparison of the cogeneration options applied in this work are performed based on Annualized Life Cycle Cost (ALCC) analysis calculated by the following equation [23] :
ALCC = (C p * CRF) + Annual operating cost-(Annual savings from selling electricity + Avoided cost of electricity purchase)
Usually the purchase cost of any equipment, C p, is obtained from vendors of specific models, however the approximated values at different operating conditions can be calculated from the thermodynamics relationships given in Table 2 where the cost of installation, electrical equipment, control systems, piping are taken into account in the coefficients used in each equation.
Capital Recovery Factor (CRF) converts total purchase cost of equipment into a stream of equal annual payments over a specified time, n , at a specified interest rate, i , and can be calculated as [22] :
The annual operating cost of a cogeneration system in this study consists of the fuel, labor, and maintenance costs. The price of rice husk and natural gas used are taken as 0.10 and 0.28 (US$/kg) respectively based on the current actual prices paying by chemical plant [24] . Labor cost is calculated by assuming automated plants running 24 hrs per day for 6710 hours in a year. Maintenance cost of 6% of the total equipment cost [21] is considered where natural gas is used and 10% of the total equipment cost is used where rice husk is used due to gas cleaning requirement in case of gas turbine and ash fouling and slagging in boiler in case of steam turbine [25] .
E. CO 2 emission reduction potential from proposed CHP configurations
The calculation of reduction in CO 2 emissions in result of implementation of proposed cogeneration systems is based on the methodology presented by [12] for defining the global CO 2 emission reduction:
Where CO 2 fuel is the change in CO 2 emissions due to fuel savings by cogeneration and CO 2 grid is the change in CO 2 emissions reduction result because of purchasing zero/less grid-based electricity depending upon mill. The average CO 2 emission factors used in this study are 0.18407 kg CO 2 /kWh, 0.01731 kg CO 2 /kWh and 0.47337 kg CO 2 /kWh for natural gas, rice husk and purchased electricity from grid respectively [24] .
IV. RESULTS AND DISCUSSION
The energy balance including electrical efficiency and energy utilization factor (EUF) of three different CHP cases analyzed are shown in Table 3 . The steam requirement is kept constant in all the options to satisfy the thermal need of the chemical plant. The energy utilization factor of cogeneration plants is usually in the range of 70-80% [26] . The results of energy utilization factor for this analysis shows a utilization factor of 75% for case 3, 54% for case 2, and 73% for case 1 indicating that the energy is best used in case 3 (combined cycle configuration). The results of energy balance also show that even the lowest EUF options among the compared cogeneration cases have higher EUF than the existing energy system in a chemical plant; hence thermodynamically cogeneration is suitable for the studied chemical plant.
The results of annual fuel consumption, electricity generation and its export to the grid and avoided electricity of all cogeneration options are summarised in Table 4 . The amount of fuel saving by comparing existing facility with high EUF cogeneration case 3 (combined cycle) is 2,016 tonnes and 2,073 tonnes of natural gas and rice husk respectively. This fuel saving would directly generate revenue worth 0.56 and 0.21 million US$ from natural gas and rice husk respectively, resulting in an overall saving of 0.77 million US$. The results of operating cost analysis of the proposed cogeneration systems based on fuel, labor, purchased electricity and maintenance costs are given in Table 5 . These results are used for the calculation of annualized life cycle costs (ALCC) given in Table 6 .
The data given in Table 6 shows that from an economic point of view the combined cycle cogeneration system has the lowest overall ALCC among different cogeneration options when using natural gas for 4779 hours and rice husk for 1931 hours in a cycle continuously. This shows that the combined cycle cogeneration system can be considered as the most economically viable option for the studied chemical plant. The comparison of existing energy system with the proposed combined cycle cogeneration will save the avoided electricity purchase cost of 1.91 million US$ besides providing the revenue worth 5.83 million US$ per year through power export to the grid resulting in an overall saving of 7.74 million US$.
V. CONCLUSION
Thermoeconomic feasibility of cogeneration system for a chemical plant is analyzed when natural gas and rice husk is used in a cycle as its primary energy source. It is found that the chemical plant has a good potential for combined cycle cogeneration and is viable in both technical and economic perspectives based on energy utilization factor and annualized life cycle cost. The energetic analysis of different options indicated that the combined cycle cogeneration system generates 77,659 MWh of electricity in addition to supplying the required process heat and electricity for the chemical plant which results in 7.76 million US$ annually saving. The results of CO 2 emission analysis also show that combined cycle cogeneration option gives the maximum percentage of CO 2 emission reduction 48% compared to the existing system. Base on the economic analysis, it is also concluded that the ALCC of combined cycle cogeneration system is least and hence is the most economically viable option for the chemical plant. It is concluded that the proposed combined cycle can provide an attractive saving in annual operating cost with a simple payback period of 4.1 years. 
